Abstract: We study a class of realizations of the Next-to-Minimal Supersymmetric Standard Model that is motivated by dark matter and Higgs data, and in which the lightest pseudoscalar Higgs boson mass is smaller than twice the bottom quark mass and greater than twice the tau lepton mass. In such scenarios, the lightest pseudoscalar Higgs boson can be copiously produced at the LHC from the decay of heavier superpartners and will dominantly further decay into a pair of tau leptons that is generally boosted. We make use of a boosted object tagging technique designed to tag such a ditau jet, and estimate the sensitivity of the LHC to the considered supersymmetric scenarios with 20 to 50 fb −1 of proton-proton collisions at a center-of-mass energy of 13 TeV.
Contents 1 Introduction
The Standard Model of particle physics has been proven an extremely successful theory of nature, but it leaves many questions unanswered. It is consequently widely acknowledged as an effective theory obtained from a more fundamental theoretical context still to be observed. Supersymmetric extensions of the Standard Model represent one of the most popular options for new physics and are motivated by the unification of gauge and space-time symmetries. In addition, they resolve the hierarchy problem inherent to the Standard Model, feature the unification of the gauge couplings at high energy scales and naturally provide an explanation to the presence of dark matter in the universe. By construction, the Higgs sector of a supersymmetric theory is extended with respect to the Standard Model case and contains at least two weak doublets of Higgs superfields (traditionally noted H u and H d ) so that masses for both the up-type and down-type fermions could be generated. Considering the minimal supersymmetric extension of the Standard Model, the so-called Minimal Supersymmetric Standard Model (MSSM) [1, 2] , only the H u and H d Higgs supermultiplets are included and the superpotential contains a supersymmetric mass term for these superfields µH u H d . While the dimensionful parameter µ should in principle be of the order of the only natural scale of the theory that is either the Planck or the gauge-coupling unification scale, a working spontaneous breaking of the electroweak symmetry demands this parameter to be in the ball park of a few hundreds of GeV. This puzzle is called the 'µ-problem' of the MSSM [3] . On different lines, the discovery of a scalar field with a mass of about 125 GeV and that resembles the Standard Model Higgs boson [4, 5] implies either the existence of heavy top squarks or large top squark mixing, which raises questions about the naturalness of the MSSM.
All these issues can be solved elegantly in the framework of the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [6] , where the model includes an additional superfield S that is singlet under the Standard Model gauge group. As a result, the Higgs sector of the model features three neutral scalar states, two neutral pseudoscalar states and one charged state, as well as one singlino (the fermionic component of S) and two higgsinos (the fermionic components of H u and H d ) fermions that will mix with the gauginos to form five neutralinos. This enriched particle content yields a phenomenology that could be largely different from the MSSM case and that could even accomodate [7] the tantalizing hints of an excess of diphoton events observed in LHC data at a center-of-mass energy of 13 TeV [8, 9] .
In order to satisfy the stringent constraints on the Standard Model Higgs boson properties derived from LHC measurements [10, 11] , and in particular those that are put on the Higgs exotic decay modes, phenomenologically viable NMSSM scenarios have to contain a Standard-Model-like Higgs boson with a very small singlet component. Consequently, one given scalar state and one given pseudoscalar state have to be almost purely singlet, so that they couple to the Standard Model only through their small mixing with the H u and H d fields. Furthermore, these singlet fields are weakly constrained by current experimental data and can hence be as light as a few GeV. This setup with two light singlet-like bosons is further motivated by the Peccei-Quinn symmetry limit of the NMSSM where one imposes that the model Lagrangian is invariant under a Peccei-Quinn-like symmetry. This indeed not only allows the NMSSM to solve the strong CPproblem [12] , but also yields a very light pseudoscalar singlet state A 1 . Such a prediction has spurred an intense phenomenological activity over the last years [13] [14] [15] [16] [17] [18] [19] [20] , with a particular focus on processes where light A 1 pairs are produced from the cascade decays of heavier Higgs bosons. Pioneering works have investigated final state systems made of four jets issued from the fragmentation of b-quarks H → A 1 A 1 → bbbb [21] , four leptonically or hadronically decaying tau leptons
or of one pair of muons and one pair of tau leptons
It has been moreover shown that the discovery of such decay channels would consist of a no-lose theorem for a direct evidence of the NMSSM [27, 28] . This has consequently opened the path for dedicated NMSSM searches in LHC collision data at a center-of-mass energy of 8 TeV [29] [30] [31] . Upper limits on the production cross sections related to the four taus, two taus and two muons, and four muons decay modes of the heavy Higgs boson of 4.5-10.3 pb, 0.72-2.33 pb and of about 1 fb have been respectively derived.
In this work, we study Higgs data constraints on the NMSSM and show that phenomenologically viable scenarios feature configurations in which the lightest pseudoscalar A 1 is dominantly produced from the decays of neutralino states [32] [33] [34] . The LHC constraints on these scenarios are still both rather weak and very model dependent. In particular,χ 0 i → A 1χ 0 j decays often lead to the production of boosted A 1 particles that are difficult to detect due to the collimation of their decay products into a single object, regardless of the mass splitting between the two neutralinosχ 0 i and χ 0 j . We explore in Section 2 the parameter space of the NMSSM and investigate specific scenarios compatible with the above-mentioned Higgs requirements and featuring a light pseudoscalar state A 1 , with a focus on cases where its mass is of at least twice as large as the tau lepton mass and smaller than twice the mass of the b-quark. In our process for constructing such scenarios, we additonally impose dark matter considerations on the lightest supersymmetric partner. We then investigate, in Section 3, the sensitivity of the current LHC run at 13 TeV to such scenarios and show that they could be detected through the analysis of a signature comprised of a single lepton, a ditautagged jet and missing transverse energy. To this aim, we make use of a ditau tagging technique that has been developed in the context of the Higgs [35] [36] [37] and that we have supplemented to a multivariate analysis dedicated to the tagging of the signal. Our conclusions are summarized in Section 4.
Light scalar and pseudoscalar Higgs bosons in the NMSSM

Theoretical framework
The NMSSM is constructed by augmenting the MSSM superfield content by one superfield S that is a singlet under SU (3) c ×SU (2) L ×U (1) Y . After the breaking of supersymmetry (and the consequent breaking of the electroweak symmetry), the scalar component of S mixes with the Higgs degrees of freedom, whilst the fermionic component of S, dubbed the singlino, mixes with the two remaining higgsino states and the gauginos. As for any softly broken supersymmetric theory, the NMSSM is specified by its superpotential and its supersymmetry-breaking Lagrangian. The superpotential reads
where all indices are omitted for brevity, where Q and L denote the weak doublets of quark and lepton superfields and where U , D and E are the up-type quark, down-type quark and lepton weak-singlet superfields, respectively. In addition, we have introduced the 3 × 3 Yukawa matrices y and the λ and κ parameters that drive the couplings of S. In particular, once the scalar component s of the singlet superfield gets a vacuum expectation value s = v s / √ 2, an effective µ-term is generated,
which solves the MSSM µ-problem. In the expression of Eq. (2.1), we have imposed that the superpotential satisfies a Z 3 symmetry so that any dimensionful term allowed by the gauge symmetry is forbidden.
The soft supersymmetry breaking Lagrangian contains mass terms for all scalar (m In order to reduce the number of free parameters, we assume that all parameters related to the (s)fermion sector are flavor-conserving and universal at the grand unification scale. Introducing the common scalar mass m 0 , the common gaugino mass m 1/2 and the common trilinear coupling A 0 , we have
4) where 1 3×3 stands for the identity matrix in flavor space.
In this framework, the Higgs sector is defined by the soft parameters A λ and A κ that we fix at the grand unification scale, and by the λ, κ, tan β and µ eff parameters that are provided at the electroweak scale, tan β being the ratio of the vacuum expectation values of the neutral components of the two Higgs doublets h u and h d .
Exploration of the NMSSM parameter space
In the previous section, we have defined a parameterization of the NMSSM in terms of nine free parameters, the first five parameters being defined at the grand unification scale and the last four parameters being defined at the electroweak scale. We supplement to these the parameters related to the Standard Model sector,
The QCD interaction strength is computed from the value of the strong coupling constant at the Zpole α s (m Z ) and the three independent electroweak inputs, whose values are taken from the Particle Data Group review [38] , are chosen to be the Fermi constant G F , the Z-boson mass m Z and the electromagnetic coupling evaluated at the Z-pole α(m Z ). Finally, the third generation fermion sector is defined by the pole mass of the top quark m pole t , the running MS mass of the bottom quark m b (m b ) evaluated at the m b scale and the tau mass m τ , all other fermion masses being neglected. All the couplings and masses appearing in the NMSSM Lagrangian can be subsequently numerically calculated, using in particular the relations determined by the minimization of the scalar potential.
For our exploration of the NMSSM parameter space, we use the NmssmTools package [39] [40] [41] and perform a scan over the parameters given in Eq. (2.5). The ranges in which the parameters are allowed to vary are given in Table 1 , and for scanned each point, we impose a set of constraints that allows us to accept it or reject it. Additionally to theoretical considerations such as obtaining a physical spectrum that does not exhibit any tachyonic state or preventing the appearance of a Landau pole below the grand unification scale, we impose limits on the Higgs sector and on the supersymmetric particles derived from collider searches at LEP, at the Tevatron and at the LHC. We moreover verify the consistency of the selected points with dark matter data.
In order to accomodate a Higgs boson with properties close to those expected in the case of the Standard Model, the mixing between the singlet state s and the two Higgs doublets h u and h d has to be small. In this case, the tree-level masses of the CP -even and CP -odd singlet-like Higgs bosons are mostly given by the corresponding entries in the 3 × 3 scalar and pseudoscalar squared mass matrices
where the vacuum expectation value v is defined, at the tree level, by 33 , and where its mass is heavier than twice the tau lepton mass and lighter than twice the bottom quark mass, m A1 ∈ [2m τ , 2m b ]. As a consequence, a cancellation between the different terms of Eq. (2.8) should be in place. Since the natural size of each term is of about the electroweak scale squared O(10 4 ) GeV 2 , the mass of the lightest singlet-like scalar state, that is approximately given by Eq. (2.7) in the absence of a too large singlet-doublet mixing, will be smaller than 125 GeV. It turns out that the second scalar Higgs particle H 2 has to be identified with the boson discovered during the first run of the LHC. Its mass m H2 can moreover be generally compatible with the observed value of 125 GeV, the presence of the lighter singlet-like H 1 state helping to increase it through mixing effects [42] . We thus impose in our scan that m H2 lies in the [122.1, 128.1] GeV mass window, such a large range allowing us to account for the various sources of uncertainties both on the experimental result and on the theoretical prediction.
Beside its mass, the first run of the LHC has allowed one to measure a lot of properties of the Higgs boson with high precision. One specific ensemble of such measurements consists of the so-called Higgs signal strengths µ X,Y that are defined as the ratios of predicted rates in a particular production channel X and decay mode Y of the Higgs boson in a given new physics theory (being here the NMSSM) to the Standard Model expectation,
The X,Y factor in the above expression is related to the acceptance and efficiency of the analyses under consideration, and could be different in a new physics context and in the Standard Model. Such differences are however usually assumed to be mild and to largely cancel in the ratio. The signal strengths moreover depend on the Higgs production cross sections in the X channel (σ 
where the 'ggF', 'VBF' and 'VH' indices respectively refer to the gluon-fusion, vector-boson fusion and Higgs-Strahlung Higgs production mechanisms. Theμ X,Y , a Y , b Y and c Y parameters resulting from the fit of the LHC Higgs measurements are taken from the Lilith-1.1.3 program using the 15.09 database [44] , and we require χ 2 Y < 6.18 so that our NMSSM predictions are compatible at the 2σ level with data.
All the points satisfying the requirements introduced so far are represented in Figure 1 as a function of the parameters defining the NMSSM Higgs sector. More precisely, we show results in the (λ, κ), (tan β, µ eff ) and (A λ , A κ ) planes in which correlations can be observed. Each represented point refers to a particle spectrum free from any tachyonic state and in which the second lightest Higgs boson H 2 has a mass comprised in the [122.1, 128.1] GeV range and yields a good χ 2 fit of the measured signal strengths. We indicate the scenarios for which the pseudoscalar mass is smaller than 30 GeV by gray points, while the green points correspond to cases in which 2m τ < m A1 < 2m b . It turns out that small λ and κ values are generally favored, which results in a light A 1 state as given by Eq. (2.8). On different lines, the tan β and µ eff parameters are strongly correlated, and a large (small) value of tan β leads to a small (large) µ eff value. This feature originates from imposing that the H 2 scalar boson is Standard-Model-like. Branching Ratio Figure 1 . Benchmark NMSSM scenarios selected in our scanning procedure of the NMSSM parameter space, presented in the (λ, κ) (upper left panel), (tan β, µ eff ) (upper right panel) and (A λ , Aκ) (lower left panel) planes. All models for which a physical NMSSM spectrum at the electroweak scale is found are represented, under the condition that the second lightest scalar state H2 is Standard-Model-like. We distinguish the cases where mA 1 < 30 GeV (gray) and where 2mτ < mA 1 < 2m b (green). In the lower right panel, we depict the dependence of the second and third neutralino branching fractions into a pseudoscalar A1 state on the compressivity of the spectrum defined as µ eff − mχ0
1
, for all points satisfying 2mτ < mA 1 < 2m b .
between the A λ and A κ parameters is shown in the lower left panel of the figure. This arises from the singlet-doublet mixing that is more conveniently assessed when the scalar components of the Higgs fields are rotated to the so-called Higgs basis (H SM , H , S ) by means of an appropriate U (2) transformation [45] [46] [47] . This basis choice has the advantage that only one of the non-singlet fields, H SM , acquires a vacuum expectation value v and features Standard-Model-like interactions with the Standard Model fermions and gauge bosons. The second non-singlet field H has thus a vanishing vacuum expectation value and the third basis element S remains a pure singlet state. In the Higgs basis, the size of the singlet-doublet mixing is given by the H SM − S element of the squared mass matrix
In order for H 2 to be Standard-Model-like and thus mostly equivalent to H SM in the Higgs basis, (M 2 S ) 13 must be small, which leads to
However, in the NMSSM parameter space region of interest, we have sin 2β λ/κ. Consequently, only the first term of the right-hand side of Eq. (2.13) matters. Moreover, µ eff and tan β are correlated, as shown in the upper right panel of Figure 1 , and both A λ and A κ are connected to the Higgs spectrum, as shown, e.g., by Eq. (2.7) and Eq. (2.8). Although deriving the exact relation between the A λ and A κ parameters that are defined in our setup at the grand unification scale is a complex task due to renormalization group running, an approximatively linear relation can be derived and is indeed observed in the figure.
As a result of the above constraints, the typical spectrum exhibited by the scenarios selected during our scan of the NMSSM parameter space features a lightest neutralino stateχ Figure 1 , we present the dependence of these branching ratios on the mass difference between the higgsino states (with masses being approximatively taken as µ eff ) and the singlino. This shows that an important A 1 production rate can be achieved in the region where the spectrum is compressed, i.e., when the mass difference between the higgsinos and the singlino is small. As soon as µ eff − mχ0 Although the phase space for such a decay process is very limited as both higgsino states are close in mass (so that the A 1 decay products are soft and very hard to detect), the final-stateχ 0 2 higgsino will further decay into an A 1 particle that will be energetic enough to leave observable tracks in a detector.
Additionally to the constraints that we have imposed so far, we moreover restrict the properties of the lightest neutralinoχ 0 1 so that it could be a good dark matter candidate. To this aim, we first impose that the associated relic density abundance Ωh 2 is compatible with the latest Planck results [49] , 0.107 < Ωh 2 < 0.131 , (2.14)
where the allowed range for Ωh 2 includes theoretical uncertainties on the predictions. Since theχ 0 1
particle is of a singlino-dominated nature, a small µ − mχ0 1 mass splitting, or equivalently a large higgsino-singlino mixing, is required for efficient enough dark matter (co)annihilation processes. This is illustrated on the left panel of Figure 2 in which we study the relations between the lightest neutralino relic density as computed with the MicrOmegas package [50, 51] and the µ − mχ0 1 splitting. We observe that the scenarios selected in our scan are spread among three regions of the parameter space. In the heavy dark matter region for which mχ0 1 m H2 /2, dark matter annihilation proceeds via an s-channel Z-boson exchange diagram that highly depends on the higgsino fraction of the lightest neutralinoχ 0 1 . As a consequence, a relic density in agreement with Planck data implies that the mass splitting µ − mχ0 1 is at most of about 70 GeV. In contrast, in the two other regions, the so-called Higgs funnel region for which mχ0 1 ∼ m H2 /2 and Z-boson funnel region for which mχ0 1 ∼ m Z /2, larger splittings are allowed as the dark matter annihilation cross section is enhanced by the presence of resonant diagrams that allow to recover a relic density in agreement with Eq. (2.14).
We next focus on the spin-independent dark-matter-proton scattering cross section, 15) and compare the NMSSM predictions obtained with MicrOmegas to LUX data [52] . The results are presented in the right panel of Figure 2 , in which we demonstrate that many models in all three regions can survive all considered dark matter constraints. The heavy dark matter region is additionally expected to be easier to probe within future dark matter direct detection experiments that will further constrain the scattering cross sectionσ SI p .
Identification of benchmark scenarios for Run-II LHC studies
All the NMSSM scenarios compliant with the constraints imposed so far exhibit common features. The sfermions are typically lying in the multi-TeV region are are thus out of the reach of the LHC from the direct search standpoint, at least with an assumed luminosity of 50-100 fb −1 . In contrast, the singlino and higgsino states are in general light (with masses below 400-500 GeV) and the gauginos heavy (with masses greater than 1 TeV). As a results, the only superpartners that could be produced with a sufficiently large rate, and thus observed, consist of the second and third neutralinos (or equivalently, the higgsino-like neutralinos) and the lightest chargino. As already discussed in the previous subsection, the singlet-like Higgs boson H 1 has a mass smaller than about 100 GeV, while the second scalar state H 2 is identified with the Standard-Model Higgs boson. The lightest pseudoscalar state A 1 is singlet-like with a mass satisfying 2m τ < m A1 < 2m b and all other Higgs particles are beyond 1 TeV.
In order to study the discovery prospects for these scenarios at the LHC, we focus on a specific benchmark point that is defined in terms of the nine parameters given in the upper panel of Table 2 . The light part of the resulting mass spectrum is presented in the second panel of the table, while relevant branching ratios and Higgs and dark matter observables are shown in its two lower panels. In the context of such a benchmark scenario, the new physics processes yielding the largest production cross section consist of the production of a pair of (neutral or charged) higgsinos at the LHC. By a virtue of their dominant decay modes, current LHC searches are not sensitive to their associated signature. Neutralino production leads to the further production of pseudoscalar Higgs bosons that next decay into pairs of boosted taus, while the lightest chargino decays into an off-shell W -boson and the singlino so that no LHC bound is expected from the charged higgsino side [53] . Following the procedure developed in Ref. [54, 55] , we recast all relevant Run-I LHC analyses. We find the CMS search for same-sign dilepton [56] is the most sensitive to NMSSM benchmark points such as the one depicted above. However, the relevant production rates are almost two orders of magnitude lower than the signal cross section that is excluded at the 95% confidence level.
In addition, the H 2 → A 1 A 1 branching ratio reaches about 4%, a result compatible with Higgs current data. Although this decay mode has been actively searched for [29] [30] [31] irrefutable proof of the realization of an NMSSM scenario [27, 28] , we focus instead, in the next section, on a novel discovery mode for a light NMSSM pseudoscalar based on boosted ditau tagging.
3 LHC sensitivity to light NMSSM pseudoscalar Higgs bosons decaying to a boosted ditau jet
Event simulation for the NMSSM and boosted ditau tagging
To determine the LHC sensitivity to the class of NMSSM models introduced in the previous section, we analyze Monte Carlo simulations of proton-proton collisions at a center-of-mass energy of 13 TeV as they could occur at the LHC collider at CERN. Hard-scattering signal and background simulations rely on the MadGraph5 aMC@NLO program [57] that contains an NMSSM implementation. The latter, that has not been described in any earlier publication, is generated by the FeynRules package [58] and its superspace module [59] that automatically produce a UFO library [60] that can be employed by MadGraph5 aMC@NLO for event generation, following the strategy of Ref. [61] . The FeynRules model includes a more general version of the superpotential of Eq. (2.1) and the soft supersymmetry-breaking Lagrangian of Eq. (2.3) where the Z 3 symmetry that we have imposed in this work is not included and where intergenerational sfermion mixings are allowed. Although such mixings are not handled by NmssmTools, they are compatible with the Supersymmetry Les Houches Accord conventions [62, 63] in which their implementation consists of optional requirements. The translation of the output spectrum files produced by NmssmTools to files compliant with the NMSSM UFO is nevertheless immediate as this only necessitates to increase the size of 2 × 2 mixing matrices to 6 × 6 matrices with zero entries whenever two different sfermion generations are concerned. The validation of the NMSSM implementation of FeynRules has been extensively performed during the 2009 Les Houches workshop on TeV collider physics [64] , and thousands of supersymmetric processes have been considered to this aim. The decays of the produced hard particles and the matching of the parton-level hard events to a parton shower and hadronization infrastructure have been performed in the context of the Pythia 6 package [65] , that is interfaced to Tauola [66, 67] for handling tau lepton decays. In this framework, any tau lepton polarization effect is neglected. Finally, we have simulated the response of the ATLAS detector by means of the Delphes 3 program [68] , that internally reconstructs objects on the basis of the anti-k T jet algorithm [69] as implemented in the FastJet software [70] .
Since tau leptons dominantly decay hadronically with a corresponding branching ratio of about 65%, the development of efficient related tagging techniques is a very important task in particular with respect to Higgs precision measurements [71] and new physics searches [72] . Jets originating from pure QCD subprocesses and from the hadronic decay of a tau lepton are mainly distinguished from each other by the number of charged tracks inside the jet and the jet energy density profile. The properties specific to a tau jet however turn out to be preserved in the case of a boosted object comprised of two hadronically decaying tau leptons that could arise from the decay of a heavier state. Motivated by such considerations, we have designed an analysis strategy allowing us to detect the signature of boosted pseudoscalar NMSSM Higgs bosons produced from the decay of heavier higgsino states at the LHC. This relies on the tagging of boosted ditau objects via a multivariate method [73] that makes use of the number of tracks inside the ditau jet, the ratio
) is the total calorimetric energy deposit in a cone of radius R = 0.1 (0.2) centered on the jet direction, the transverse momentum of the hardest track inside a cone of radius R = 0.2 centered on the jet direction computed relatively to the jet p T , the p T -weighted sum of the angular distances of all tracks inside the jet, the maximum angular distance in the transverse plane between any track lying inside a cone of radius R = 0.2 centered on the jet direction and the jet direction, the track-based jet invariant mass and the ratio of the jet transverse momentum to the jet invariant mass. This strategy can furthermore be improved to gain sensitivity to leptonically decaying taus (within a boosted ditau object) as well. The produced leptons are indeed unlikely to be isolated, so that they could be captured by a selection involving the ratio of the electromagnetic to hadronic calorimetric deposits. Additionally, we also consider in our multivariate tagging technique the Nsubjettiness variable τ 21 = τ 2 /τ 1 that allows one order to resolve the substructure of the ditau jet [74, 75] , with τ N being defined by
In this expression, the summations have to be considered upon all jet constituents, R 0 = 0.4 is the jet cone size parameter in the original jet clustering algorithm and ∆R I,k denotes the distance in the transverse plane between the subjet candidate I and the jet constituent k.
All the variables that we have introduced to tag a ditau boosted object strongly depend on the object energy, as it is illustrated on Figure 3 for two representative jet energies of 50 GeV and 200 GeV and the f cent and τ 21 variables. We compare the spectra that would be obtained when jets solely originate from up quarks (red dashed curves), charmed quarks (blue dash-dotted curves), bottom quarks (green dotted curves), a single tau lepton (brown dash-dotted curves) and a pseudoscalar NMSSM Higgs boson (black plain curves). The properties of ditau boosted objects are different from the single tau jet and the purely QCD jet cases, so that there exist handles for discriminating them. To this aim, we use a boosted decision tree (BDT) technique that uses all the variables presented in this section. The BDT is trained in the context of jets with specific energies of 50 GeV and 200 GeV and the correlations between the obtained boosted ditau object tagging efficiency and the QCD jet or single tau jet mistagging rates are shown in Figure 4 . Jets issued from the fragmentation of light quarks are always harder to distinguish from ditau boosted objects, as their properties are similar to the ditau case (see Figure 3) . The corresponding rejection power is particularly small when the jet energy is smaller. Taking as a benchmark a tagging efficiency S = 50%, a rejection power
B of only 50 is found for 50 GeV jets, this number increasing to 500 for 200 GeV jets.
LHC sensitivity to NMSSM light higgsinos decaying to boosted ditau objects
In order to estimate the sensitivity of the LHC to the class of NMSSM scenarios under consideration, we study the associated production of a neutralino and a chargino, followed by a neutralino decay into a pseudoscalar Higgs boson and a chargino decay into a far off-shell W -boson, pp →χ This process features a large cross section, as this was already the case in the MSSM [76] [77] [78] [79] [80] [81] , and we further impose the off-shell W -boson to decay leptonically so that fully hadronic backgrounds can be suppressed. In our simulation, we use next-to-leading signal cross sections that are derived with Prospino [82] and that mostly agree with the most precise results involving soft-gluon resummation [79] [80] [81] . The dominant associated sources of background consist of events issued from the production of a (leptonically decaying) W -boson in association with jets, of top-antitop systems and of diboson systems that all give rise to final states comprised of a single lepton, missing energy and hard jets. We generate events exhibiting at least one jet at the matrix element level and in which the hard-scattering lepton and jets have a transverse momentum p T > 10 GeV and 20 GeV respectively, together with a pseudorapidity satisfying |η| < 2.5. We normalize the top-antitop and diboson event samples to the measured [83] and next-to-leading order [84] cross section values respectively, and we make use of the leading-order W -boson plus jet fiducial cross section as returned by MadGraph5 aMC@NLO to which a next-to-leading order K-factor of 1.4 is included [57] .
Since signal events feature a final state comprised of a single lepton, a boosted ditau object issued from the decay of a pseudoscalar A 1 particle and missing energy, we preselect events by requiring that the final state contains exactly one isolated lepton, at least one jet and we veto the presence of b-tagged jets. The resulting signal and background cross sections before (σ 13 ) and after (σ pre ) the preselection at 13 TeV LHC are given in Table 3 . At this stage of our analysis, background rates are of about three orders of magnitude larger than typical signal cross sections. In the NMSSM scenarios under consideration, the spectrum generally features a mass splitting ∆M = µ eff − mχ0 1 between the lightest singlino-like neutralino and the heavier neutral and charged higgsino states of at most 100 GeV (see the lower right panel of Figure 1 ), so that signal events generally exhibit final state systems for which the lepton and jet transverse momenta and the missing transverse energy are of about 50 GeV. It is consequently not straightforward to design appropriate selections to enhance the signal over background ratio by only means of the kinematical properties of the signal. The mass splitting ∆M also determines the energy E(A 1 ) that is typically carried by the pseudoscalar Higgs bosons A 1 originating from the decays of the higgsino-like neutralinos. Since E(A 1 ) is in general much larger than the A 1 mass, the pseudoscalar decay products (two tau leptons) turn out to be highly collimated. This is illustrated, for the benchmark scenario introduced in Section 2.3, on Figure 5 where we present the pseudoscalar Higgs boson A 1 energy spectrum (left panel) and the distribution of the angular distance, in the transverse plane, between the two tau leptons issued from the A 1 decays (right panel). In Figure 6 , we study the details of the hadronic activity in the signal events. In the left panel of the figure, we present the distribution of the number of jets N j characterizing the signal events. Although only one jet (the boosted ditau object) is expected from the partonic process, initial state radiation allows the N j spectrum to extent to larger values. The bulk of the events however features at most two jets, while the leading jet is in general the boosted ditau object (in 70% of the cases for the benchmark scenario of Section 2.3). This last property is depicted on the right panel of Figure 6 where we present, on the basis of the Monte Carlo truth, the ranking of the A 1 jet once the p T ordering of the jets is imposed. As a consequence of these considerations, we further select signal events on the basis of a multivariate analysis that uses as inputs the number of jets N j , the transverse momenta of the two leading jets p j1 T and p j2 T , the transverse momentum of the lepton p T , the invariant mass of the leading jet, the amount of missing energy / E T , the angular distance in the azimuthal direction with respect to the beam between the lepton and the missing momentum ∆φ , / E T , and the angular distance in the transverse plane between the lepton and the leading jet ∆R( , j 1 ). In addition, we also include in our analysis the reconstructed W -boson transverse mass m W T that would be obtained when considering that all the missing transverse energy is connected to a W -boson decay,
and the final state stranverse mass m T 2 [85, 86] . Both these latter variables are expected to provide a handle to efficiently suppress the dominant W background. Moreover, assuming that the boosted ditau object is identified with the leading jet, the next-to-leading jet is expected to be softer in the signal case than in the background case, the lepton and missing energy tend to be not correlated in the signal case as there are several sources of missing energy, and both the M on-shell W boson. The analysis can finally be improved after imposing that the leading jet is a boosted ditau object. Applying a selection on the BDT response, we can derive the dependence of the background rejection rate −1 B on the signal selection efficiency S , as shown in the left panel of Figure 7 . We consider two different setups in which the boosted ditau object feature of the signal is accounted for (dark green) or not (orange), and we observe that an efficiency of about one percent can be obtained together with a background rejection rate of 10 4 ( 10 5 ) when the ditau tagging is ignored (included). Optimizing the selection on the BDT output, the resulting signal fiducial cross section is of 3.1 fb, while the dominant W -boson plus jet and diboson background component ones are of 16.4 fb and 0.9 fb respectively. Moreover, top-antitop events turn to contribute negligibly, with a fiducial cross section smaller than 0.5 fb. We calculate the associated signal significance σ signal as a function of the luminosity for different treatment of the systematic uncertainties on the background ∆B, 4) and show the results on the right panel of the figure. In this expression, S and B denote the number of selected signal and background events respectively. Assuming a systematic uncertainty on the background at the percent level, a 3σ hint for the class of NMSSM scenarios considered in this work could be observed at the early stage of the LHC Run-II, while a 5σ discovery could be expected with an integrated luminosity of at least 50 fb −1 .
Conclusion
It has been recently shown that the discovery of a light pseudoscalar state could be a direct evidence for the next-to-minimal realization of supersymmetry in nature. As a result, many studies have been dedicated to the investigation of the discovery potential associated with such particles. Most existing works focus on heavier Higgs decay probes, although light pseudoscalar states could also be copiously produced from neutralino decays. In this work, we have explored the NMSSM parameter space and impose Higgs and dark matter constraints on the construction of viable scenarios. We have found that many of such scenarios include pseudoscalar Higgs bosons with a mass comprised in the [2m τ , 2m b ] window. In this case, the golden discovery mode consists of the production of an associated chargino-neutralino pair that further decays into a boosted ditau jet (connected to a pseudoscalar decay), a single lepton and missing energy. We study a typical reference scenario an investigate the sensitivity of the LHC Run-II to the corresponding signal. By means of a multivariate analysis and a boosted ditau object tagging method, we have found that the background could be rejected at a very large level so that a 3σ hint for the signal is expected within the first 13 TeV data, and that a 5σ discovery could be envisaged for a luminosity of more than about 50 fb −1 .
